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The morphology of the infrared (11?) emission and the properties of discrctc far-

infrared (10 R) sources in M31 disk are studied using the high resolution (I IiRes)  maps

fro]n 1 RAS. Very thin and bright FIR. arm segments are shown ill tllmc maps, which

have similar structure as the 111 gas but with much c]lhanccd  arn]/inter-arm  contrast,

typically a factor of N 5 on the 60pTrL image. We identify 39 unconfused sources

(excluding the nucleus) and 14 confused sources (7 pairs) at 60 p,], by direct Gaussian

fittings to the image. lRAS colors of 10 bright isc)latcd  sources are studied, which are

presumably representative of the cliscrete  sources in general. ‘i’he colors  follow the well

known anticorrelation  between ffjop  /flool, and f] zP/fzsl,. All sources cc)incide  with optical

1111 regions. A comparison with 11a observatio]ls  shows that the tcjtal  luminosity (in the

wavelength range 8- 1000pm) associated with HI1 regions is 7.2:! 2.9 1081~@ , namely

304 14yo of the total llt cmissio]l  of M31. l[alf  of the IR lu]]linosity  of this coxnpone]lt.

emerges fro]ll  the sources. ‘J’his lulninosity  translates into a prcsc]]t-c]ay  star fc)rlnation

rate of 0.36:10.14 MO /yr, about an order of nlagllitlldc lower tllal] t}lat of the Milky

Way Galaxy.

Subject headings:  galaxies: individual - galaxies: interstellar ]I]attcr - galaxies:

photo] nc.tr-y  - i)ltcrstcllar:  grains - intcrstc]lar:  1111 regions
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1. Introduction

TWO characteristics make M31, the Andromeda Galaxy, unique for a far-infrared

(FIR) study. ‘1’hc first is its proximity: being the nearest spiral galaxy outside the Milky.

Way, it oflcrs the best linear resolution for observations of spirals with a given angular

resolution. ‘l’his is a significant advantage for k’] R obseJ  vations, given the relatively poor

angular resolution of the current generation of FIR instruments. Second, it is known to

have a very low current star formation rate, perhaps an order of nlagnitude  lower than

that of the Milky Way (Walterbos  1988). ?lecause  of their very low FIR luminosities,

not many such quiescent spirals can be studied in the FIR,  and none except M31 with

such high spatial resolution.

The FIR emission of M31 has been studied by IIabing et al. (1 984), Soifer et al.

(1986), and very extensively by Walterbos  and Schwcling  (1987, hereafter WS87)  using

IRAS maps. The main results from these early studies can bc summarized as follows:

(1)

(2)

(3)

M31 emits only a few percent of its total lumillosity  at wavc]cngth longer than

10pm. The rest is mainly the optical radiation from stars (Jlabing et al. 1984;

WS87).

In the central part of the lRAS maps, correspo]lding  to the optical bulge, the 12

and 25pm radiation is due to circumstellar  dust ernissio]i  fro]n late type stars,

while the 60 and 100 pm emission is due to the interstellar clust  heated by the

interstellar radiation field (ISIW)  powered by the old bulge stars (Soifcr et al.

1986).

l’hc disk IR emission is strongly concentrated in a rjng wjth a semimajor  axis

of w 45’ and coincides in detail with the distriljution of ]111 regions (Habing et

al. 1984; scc also Devereux ct al.

(40K)  component associated with

associated with ‘cirrus’ (Cox  et al.

to the former (WS87).

1994). When  it is clccolnposed into a warm

star forma .ticln regions and a cool component

1986; IIelou 1986), less tl)a]l 10 percent is due
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(4) g’hc strong rnicl-infrared (12 and 25 pm) excess and the rather constant 60-to 100

pm  ratio in the disk show evidence of the existence of very small grains/large

molecules (WS87;  Ilelou 1986; Xu & Helou  1994).

Recently, Dcvcrcux  ct al. (1994) made a comparison bet.wcell the l~IR emission and the

Ha emission of M31, and argued that the close corrcspondcncc  between the FIR and

the IIa images suggests a common origin for the two cmissiolls.  According to these

authors, up to 7070 of the FIR emission of M31 could be associated with massive star

formation regions, directly conflicting to the earlier result of WS87 (SCC above item 3).

Wc arc carrying out a ncw FIR study on M31, lltilizing  the high resolution maps

(of ~ 1’ resolution) produced with the IIiRes software (Aumann, l’c,wlcr & Melnyk  1990;

Rice 1993). Our Inotivation  is to study the properties of FIlt  sources and the diffuse

emission in the M31 disk scpamtely.  This was not possible in the earlier studies because

of the relatively coarse resolution of IRA S maps. ]n a]} earlier paper (Xu & I1C1OU 1994),

we studied the lR.AS color-color cliagrams  of a comp]ctc  san]ple  of sl]lall  areas (2’ x 2’)

in the M31 disk, and found evidence

the Polycyclic  Aro]natic  IIydrocarbon

elnission.

for a deficiency of very Sn]a]l Grains (but not

]I1O]CCU1CS) in t]le areas do]]li]]atcd by the diffuse

In this and a companion paper, we present a study on the general properties of ~“1}~

sources and of the diffuse emission in M31. In this paper, l’apcr  1, wc study the overall

lnorphologY of the l“IIL elnissio:l  and the properties of the disc]ctc  sc)urces in the M31

clisk.  In orclcr to address the controversy as to t}~c extent to which ][lassive  ionizing stars

are Icsponsiblc  for the J“IIL emission of M31 (W S8’I’; l)cvcrcux  ct al. 1994), wc estimate

the ratio bctwccn  the l’]lt and Ha fluxes c)f 1111 regio]ls  using t}lose  60pm source which

arc fully covcrcd  in the Ila survey of Waltcrbos  and ]Iraun (1 992, Ilcrcaftcr WI192).  We

present the ncw lIiRcs  maps of M31 in Sectioxk  2. I’h( procedure of sc)urce  cxtractioll is

dcscribcd  in Section 3. ‘l’hc FIR colors of some ‘iscJatcd’ sources are studied in Section

4. In Section 5 wc calcu]atc the total clust emission c)f M31, fro]n the sources and from

the diffuse component rcspcctivcly,  and an estimate of the prcscl]t-day  star forlnation
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rate of M31 is made. Section 6 contains the summary. Throughout this paper, wc

assume for M31 a distance of 690 kpc (1’ == 200 pc aloxlg  the major  axis), an inclination

angle of i = 77° (i =- O for seen face-on), and P.A.  = 37°.

2. HiRes IRAS maps

The high resolution IR.AS maps of M31 at 12ptrz,  25pn~,  60pnL  ancl 100pm are

new IRAS products from the Infrared Processing and Analysis Center (IPAC), using the

IPAC High-Resolution (HiRes)  processor (Aumann,  Fowler  & Mclnyk 1990; IUcc 1993).

After the 20th iteration of the deconvolution,  the resolution achieved is 0’.9 x O’.5 (in

cross-scan and in-scan directions respectively) for the 12 and 25//n~  maps, 1 ‘.0 x 0’.8

for the 60pm map, and 1’.5 x 1’.5 for the 100pm ma]} (SCC also Rice 1993). IIowcver,

the rcso]ution is not uniform across the maps (Fowlcr  & Aumalm 1993), and depends

in particular on the surface brightness of the background. In order to overcome this

problcln,  and also to simplify the comparison hctween  the four Inal)s,  wc smooth all of

them to a 1 ‘.7 circular beam on a grid with 0,5’ pixc]s. The dcta.i]s  of the production

of the maps, and a comparison with previous M31 lRAS rna.ps, CaJI bc found in Xu &

Hclou (1994; scc also Xu & Helou 1995, herea.ftcr  ERRATUM).

‘1’hcsc  smoothed maps are presented in Figures 1 – 4, Allowi]lg for the difference

in sensitivity, the four maps have similar morph c)logy,  c}laractcrimxl  by a bright nuclcus-

plus-ring structure with the ring coinciding with that of the 1[11 regions (Pellet et al.

1978) and the nucleus coinciding with the optics] blllgc. This has been noticed in

previous studies (lIabing  et al. 1984;  WS87),  The ]Iew ]Ii Rcs ]Tlaps  however reveal

features with a linear scale of a few hundred pc. to N I kpc, nanle]y the bright sources

(giant star formation regions) and the very narrow widths of bright arms. lndecd it

is rather surprising that the arms are so thin that they are hardly resolved by the

IIiRcs beams in the cross-arm direction even on the original lIiRcs  maps (resolution

of w 1 ‘). Compared to previous results (e.g. WS87),  the contrast bctwccn  the arm

3
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segments (including the ‘ring’) and the inter-arm region is significantly enhanced in

the new IIiRcs maps (e.g. the 60pm map), with a typical value of about a factor of

5 (avoiding the bright sources), Unfortunately, one c.imnot  cxcludc  t]lc possibility that

the contrast is artificially cxaggcratcd  by HiRcs. ‘J’hcse results will however be tested

in the upcoming 1S0 mission.

in the four panels of l“ig.5,  we compare the surface brightness distribution of the

60pm  map and that of a 1.’7 resolution HI n]ap (Brinks 1984; llri]lks & Shane 1984)

along two cuts, running through the center of M31 at position angles of 24° and of 50°,

respectively. It appears that on the two maps there is good corrcspcmdence between the

positions of features (dips and bumps), and the bumps representing the arm segments

have about the same widths. On the other hand the 111 emission dccreascs toward the

center of the galaxy, while the 60pm emission dc)es  not. In comparisoll with optical maps

of similar angular resolution ( Walterbos & Kennicutt  1987), the 11’llL nucleus is smaller

than the optical bulge, and the clisk emission is Inuc}l  less snloot]l il~ the FIR than in

the optical. An anti-correlation bctwccn  the optical a]ld the FIR surface brightness can

bc found in some places, e.g. the dust lanes which appear as bright thin arms on the

l’IR map, a natural consequence of the dust a.l~sorbin~, optical radia.tic)n ancl re-elnitting

in the FIR..  Dcvercux  et al. (1994) compared the Hi [Les k’l R (40 - ]20pm)  map with

the IIa CCD image obtained with the [;ase Western Durrell  Sch~llidt telescope at Kitt

I’cak, and found “striking correspondence” b~tWecIl  t hc two.

3. Source extraction

‘J’here arc many bright discrete sources on the Ililbx maps. ‘J’hc brightest ones arc

co]lcentratcd on the famous ‘ring’ at about 9 kpc (45’) galactocent.  ric radius. Compared

to the 1111 regions map (Pellet et al. 1978; W}192;  Dcvereux et al, 1994), these SOUICCSj

except the nucleus, coincide exclusively with bright H] I region cc)nlplexcs.  A comparison

between the 60pm sources and the optical 1111 regions  (WI192) reveals that individual
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FIR sources include typically 3 to 5 bright HH regions. The companion elliptical galaxy

M32 does not show up in any of the four IRAS maps (Habing at al. 1984). Bright

background radio sources (Berkhuijsen et al. 1983), which do ]Iot  belong to the M31

disk, are not detected, either.

IIecausc of the coarse resolution of lRAS, no analysis on clisc.rete  FIR sources in

M31 could be carried out in previous studies. Even with the HiRes  lnaps, many sources

arc still affected by confusion, in particular OIL the 1 (lOprn map where they are more

extended (Fig.4)  and the spatial resolution is the pool est.  The 12/Lm and 25pm maps

have low signal-to-noise levels. Hence an overall source extraction is done for the 60p7n

map only. We at first run an automatic source subtraction program which fits individual

single elliptical Gaussians  over areas of 4’.5 x 4’.5. For a source extraction threshold at

a surface brightness of 1 MJy/sr  above the background] set by the locaJ  diffuse emission,

we found 70 sources (excluding the nucleus) on the 60pm  map (Xu and Helou 1993).

The limit was assigned because the one-a random fluctuation of the diffuse c]nission  in

the 60pm disk of M31 is of the order of 0.5 MJy/sr.  ‘1’hcrcfcjrc  the sources are reliable

at ,? 95 percent confidence level (> 2cr level). IIecause  of the source ccmfusion problem,

the parameters (e.g. the major axis and minor axis, the flux, and even the detection) for

many sources vary significantly when the size of the fitting area is changed. In order to

assess the uncertainty due to this factor, we repeat the source extraction program using

two more sizes of fitting area, i.e. 3’ x 3’ and 6’ x 6’. out of the 70 sc)urces detected in

the first run (with the size  of the fitting area of 4’.5 x 4’.5), 39 arc dctectcd  in both of

these two latter runs. They are represented by crosses in l?ig.3.

For each of the 39 sources wc have estimated, and reportecl  in Table 1, the values

and uncertainties of the following parameters: the coordinates R.A. (1950) and DEC

(1950), the peak value of the 60pm surface brightness SP, the n,ajor  (maj) and minor

(rein) axes, and the position angle of the major  axis P.A. (measured from the North.

towards the East). For any parameter x, the value is estimated fro]ll the weighted mean

5



of the logarithms of corresponding results in the 3 diflerent  flttin~;s:

~ Ll)j 1*1(X,  )

< In(x)  >=: ‘1- ~--— (1)

): Ll)i
i=. ]

where xi represents the value of the parameter found in one of the fittings, and ~i the

weight:
1

‘“i ‘“ (ij/Xj)2 (2)

where the ~i is the uncertainty on xi. ‘1’he va] iance  of the logarithm is estimated with

the same weight, and the systematic uncertainties clue to the diflercnt  Gaussian fittings

are allowed for by introducing a scaling parameter s (Eadie et al. 1977):

an c1

$ Wj(Oj/Xj)2 ~ W, [1*1( X,) - < 111(X)  >]2

a ’ ( i n ( x ) )  = s x !=l - -n  - -  =- ;l;l- , ~=1— > (4)
~ LOi :: ~:

i-—]

with n :- 3. ‘Me values and uncertainties listed  in ‘j ‘able 1 are calculated from these

means and variances:

x ,_ ~<ln(x)>

u(x) = x{az(ln(x))  .

‘l’he unccriainties  of the peak surface brightness and

(5)

(6)

of the toial  flux of each source

include also the calibration

IIelou  1 994).

‘l’he columns of !l’able

Col.(1):  source ID in the list;

uncertainty of the 60pm ]nap, which is at 470 level (Xu &

1 are arranged as follc)ws:

CO1.(2):  Line 1: the 1950 equinox right ascension (R. A.) in hours, Inillutes and seconds;

l,ine 2: uncertainty on lt. A. in seconds c)f time;

CO1.(3):  I,illc 1: the 1950 equinox declination (I)E(;) in de~~recs,  arcnli~lutes  and arcseconds;

6
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TABLE 1. List of Discrete 60pm Sources
,.

(1) (2) (3) (4) (5) (6) (7) (8) (9)

ID RA (1950) DEC (1950) Sp maj min P.A. f60p f(Ha)
unc unc unc unc unc unc unc unc

(lo)

HII regions

h m s 0 1 1 1 MJy/sr  t I 0 Jy 10-12 erg/cm2/s

1

2

3

4

5

6

7

8

9

10

003659.0
0.1

003909.1
0.0

003637.3
0.2

003655.6
1.1

()~ 3754.8
0.6

003627.9
c.:

003748.0
0.1

?C ~g +q.(j
0.7

003854.2
0.6

003929.4
0.2

400405.5
0.8

400444.9
0.3

400537.3
0.3

401241.9
10.5

402047.4. .1.1

402329.5
7.2

402725.5
6.8

403447.4
1.8

6.30
0.26

5.96
0.24

3.08
0.13

1.00
0.06

6.76
0.34

3.42
0.i4

4.10
0.31

1.30
0.13

4.47
0.20

2.77
0.10

2.27
0.04

2.38
0.10

3.68
0.24

3.42
0.24

2.42
0.05

4.47
0.65

<.6<
0.73

2.99
0.59

2.53
0.16

1.83
0.03

1.60
0.01

2.18
0.14

1.92
0.12

2.6~
0.11

1.97
0.04

2.70
0.21

? ~p.’. . - .’
0.05

1.78
0.11

1.73
0.05

70.7
1.5

66.4
0.9

74.3
5.2

39.2
4.4

62.7
3.2

89.3
0.7

9.8
4.5

.- n2/..j
1.9

48.2
2.9

55.6
2.7

3.06
0.18

2.08
0.09

1.53
0.13

0.68
0.08

5.76
0.55

1.57
0.08

4.73
0.86

;..64
0.29

0.66
0.22

1.88
0.16



TabIe  1. Continue 1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

ID RA (1950) DEC (19W) Sp maj min P.A. f60/.i f(Ha) HII regions
unc unc unc unc unc unc unc unc

h m s 01!! MJy/sr r t 0 Jy lo-12 e%/cm2/s

11

12

13*

14

15

16

17

:8

19*

20

003927.5
6.3

003816.7
0.0

004026.0
0.2

003846.6
0.0

003940.5
1.3

0040 .53.6
0.9

004104.6
0.6

00 28 42.5
9.4

004047.5
1.1

003902.1
0.6

404113.0
4.9

1.38
0.13

3.45
0.51

2.88
0.25

3.21
0.32

2.70
0.30

4.09
0.66

4.06
0.45

3.86
0.20

3.47
C.22

3.48
0.43

4.46
0.86

1.75
0.10

1.79
0.03

2.07
0.19

1.71
0.06

1.87
0.1.3

1.67
0.09

2.47
0.13

:.78
:.Qq

1.83
0.13

2.15
0.10

48.3
2.1

44.7
1.3

61.9
2.1

46.3
2.1

71.9
2.4

47.2
1.3

75.7
3.6

g~.~
Q.g

23.7
7.2

37.3
1.6

0.80
0.14

5.46
0.54

404712.1
0.4

11.05
0.46

404848.5
1.5

2.86
0.25

1.83
0.30

note

404823.1
2.8

3.79
0.19

1.68
0.21

1.23
0.24

40 .5403.5
9.9

5.40
0.51

3.50
0.54

1.81 206,207,245
0.03

405548.0
8.9

3.72
0.58

3.40
0.60

425557.4
5.2

0.80
0.14

405647.6
24.7

1.31
0.12

note

410151.9
10.0

2.83
0.18

2.60
0.54



Table 1. Continue 2

(1) (2) (3) (4) (5) (6) (7) (8) (9) ( lo )

ID RA (1950) DEC (1950) Sp maj min P.A. f60/.L f(Ha) HII regions
unc Unc unc unc unc unc unc unc

h m s oftr !vlJy/sr  , 0 Jy ~@2e%?/cm2/s

21

22

23

24*

25

26*

27

28

29*

30

003838.1
0.3

004137.3
0.0

004151.4
!?.2

004113.0
0.2

003939.0
0.3

004000.2
:.4

004127.9
0.1

no 42 25.9- - -
0.1

004137.0
0.8

004046.8

410334.0
3.2

1.89
0.09

2.82
0.09

3.63
0.51

3.47
0.64

3.59
0.60

3.08
0.30

3.33
n -n
U.au

3.09
0.21

3.55
0.31

3.26
0.43

4.40

1.51
0.05

2.13
0.14

1.78
0.08

1.59
0.04

1.72
0.05

1.64
$.s5

1.88
0.04

an“‘5
6:;7

2.76
0.15

1.86
0.09

62.9
1.6

49.1
4.9

32.3
1.7

56.7
1.7

48.8
1.5

41.3
.*L.. L

37.7
1.0

nn e
Ai/’. l

1.4

74.1
6.8

39.9
5.1

0.77
0.05

410413.8
1.5

6.15
0.37

4.56
0.75

4.37
0.17

2.13
0.05

403,410,414

458,490,501

note

25,36,39

note

305,314,315

63,j.7Q:7., 722

rote

132,39,148,154

410839.4
7.6

7.65
0.39

4.53
0.88

411007.2
1.8

4.68
0.22

2.55
0.45

411136.9
3.9

7.79
0.36

~.77
0.03

411631.1
5.s

10.41
n  -T
U.ao

5.45
0.57

411702.5
0.8

4.65
0.20

2.58
0.22

1.83
0.07

~ -?V..3J.
0.14

2.38
0.41

5.55
0.65

412140.3
1.7

2.25
0.11

1.94
0.29

412627.1 2.35 1.84
0.30

0.69
0.022.2 26.2 0.14 0.64



Table 1. Continue 3

(1) (2) (3) (4) (5) (6) (7) (8) (9) (lo)

ID RA (1950) DEC (1950) Sp maj min P.A. f60/J f(Ha) HII regions
unc unc unc unc unc unc unc unc

h m s Orfl MJy/sr I / 0 Jy lo-12 erg/cm2/s

31

32

33

34”

35

36

37

38’

39

004115.9 413232.7
0.1 0.3

004329.2 413535.6
0.3 2.4

004147.6 413535.6
0.2 2.0

004256.2 413602.0
0.6 3.9

004210.4 4138 33*Q
~.7 6.5

~g 43 45.9 414251.3
0.8 3.0

004125.8 414620.1
0.0 1.5

004348.8 415523.3
0.1 0.7

18.04
0.74

12.63
0.51

4.08
0.21

1.28
0.06

1.18
0.05

6.64
0.27

2.31
0.07

3.03
0.15

2.92
0.28

4.78
0.91

3.74
~.3~

2.72
0.46

3.12
0.27

2.52
Q.22

2.23
0.07

1.63
0.02

2.24
0.09

2.01
0.04

2.46
0.12

1.90
~.-J7

2.25
0.27

1.46
0.05

~ 6:-. ...,
I-1 P,?
lJ. ,JO

1.98
0.04

53.6
0.8

54.6
2.1

52.7
2.1

8.3
2.0

63.8
4.1

3’7.7
4.1

56.6
1.3

640--. .,
:.C

58.4
2.9

6.52 2.08 243,267,280
0.34 0.08

0.80
0.07

7.12
0.72

4.60
0.93

2.27
9.23

!?.76
0.17

0.52
0.06

3.58
0.14

442,453,496

note

589,599,631,653

lJi~ n-ok
,~~”

,J.LCJ

2.81 2.33 922,927,932
0.15 0.08

* Source in the NE part of the M31 disk but outside regions covered by the Ha survey of WB92. See the detailed note in
the following.

Xote:



#13: outside the southwest boundary of P1ate  2 of WB92
#19: outside the north boundary of Plate 2 and the west boundary of PIate  3 of WB92
#24: outside the northwest boundary of Plate 4 of WB92
#26: outside the southwest boundary of Plate 15 of WB92
#29: partially outside the north boundary of Plate 1 of WB92
#32: outside the southeast boundary of Plate 10 of WB92
#36: outside the east boundary of Plate 10 of WB92
#38: partialy  outside the east boundary of Plate 19 of WB92.
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IJine 2: uncertainty on J)EC in arcseconds;

CO].(4): Line I: peak 60prn surface brightness & in MJy/sr;

I,ine 2: uncertainty on SP;

CO1.(5): I,inc 1: major axis of the source in arcrninutes;

I,ine 2: uncertainty on the major axis;

CO1.(6): Line 1: minor axis of the source in arcminutes;

Line 2: uncertainty on the minor axis;

CO1.(7):  I,ine  1: position angle of the major axis i]l degree;

Line 2: uncertainty on the position angle;

CO1.(8):  I,ine  1: 60pm flux in Jy;

Line 2: uncertainty on the 60pm flux;

CO1.(9): Line 1: sum of the Ha fluxes of the corresponding HH regions in

10’ ‘2e@m2/%  taken  from wB~%

Line 2: uncertainty of the Ha flux;

CO1. (10): 11)’s  of the corresponding HI1 regions in the catalog of WB92  for ionized nebulae

in the NE half of M31.

In addition, another 14 confused sources form 7 pairs (!l’able 2). For  each pair two

sources arc detected individually in the test run with the fitting a.rca size of 3’ as well

as in the original run with the fitting area size of 4’.5, but in the run with the fitting

size of 6’ the two components are not distinguished, and therefore only one large source

is detected. These confused sources are marked by o~)en  diamonds on the 60pm map

(Fig.3)  and listed in Table 2. The combined flux f60P and its uncertainty is calculated for

each pair using the similar formulae as given in Eq)s (1 )–(6) with foo~,]  == f~oP,l  + f~oP,l

and f60p,2 = ~ f;op,2 + f;op,2) where subscripts 1 and 2 denote the values found in the

Gaussian fittings with areas of 3’ x 3’ and 4’.5 x 4’.5 respectively, and superscripts a

and b the values for the component a and b. ‘l’he flux f60p,3  is takerl  from that of the

single source (including both components) fcmnd in Gaussian fitting to the 6’ x 6’ area.

The ffjo~ of source pair 4a-{ 4b has a large uncertainty (78%)  due to t}le large dispersion
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(1)

ID

—-. — .—. —..

l a
lb
la+-lb

2a
2b
2a+2b

3a
3b
3a+-3b

4a
4b
4a-{-4b

5a
5b
5a4 5b

6a
6b
6a4-6b

7a
7b
7a+-7b

TABI,E  2.

I,ist of Confused 60pm Sources (Source Pairs)

‘(2)

RA (1950)

h m s

003813.0
003821.4

003756.7
003809.4

003840.8
003850.1

004000.8
003954.8

003922.0
003909.4

004160.0
004212.4

004016.9
004024.9

.

(3)

DEC (1950)

o I II

.——. ..—

402015.2
402147,6

402704.4
402849.0

403342.8
403510.0

404347.4
404550.9

410709.9
41 0816.2

4111 07.1
411442.3

412053.6
41 21 57.5

—

(4)

j60/J

Jy

4.43

2.89

5.28

2.76

2.51

9.27

9.65
.

(5)

unc

Jy

0.34

1.32

0.79

2.15

1.13

1.92

0,90

among the 3 fittings (the  factor s Eq(3)  is large). Because of the confusion problem,

for individual components of each pair we list only the right ascension and declination

which are calculated from the weighted  mean of the corresponding values  found in the

two Gaussian fittings using areas of 3’ x 3’ and 4’.5 x 4’.5 respectively.
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4. IRAS colors of isolated sources

From Table 1 we selected 10 bright (fGOP  >1 J y) ‘isolated’ sources (Table 3) around

which there are no other sources within twice the Gaussian radius. They therefore do

not suffer the confusion problem seriously. The IRAS colors of these  isolated scjurces will

. be studied in this section, which are presumably representative for tile discrete sources

in general.

At the position of each isolated 60p7n source, we did source extractions on the other

3 maps (i.e. the 12pm map, 25 pm map, and the 100pm map) using single elliptical

Gaussian fittings. For each source and each ]nap the source extraction is repeated 3

times, with the size of the fitting area equal to 3’ x 3’, 4’.5 x 4’.5 and 6’ x 6’ respectively.

All sources are detected in each of the three maps at least in two of the three runs with

different fitting areas. In Table 3 we give their fluxes and the uncertainties in the HIAS

bands, calculated using similar formulae to those given in 13q’s (1)- (6). Some sources

were detected only in two of the three Gaussian fittings (again with the size of the fitting

area equal to 3’ x 3’, 4’.5 x 4’.5 and 6’ x 6’ respectively) at wavelengths other than 60pm.

In these cases, the corresponding flux and the uncertainty are calculated from the results

in the two successful fittings, and are marked by a flag “:”. The uncertainties include

the calibration uncertainties of the corresponding maps, which are at 11 ?lo, 9%, 4% and

10% levels for the 12pm, 25pm,  60pm and 100p7rL  maps respectively (Xu & Helou  1994).

‘1’hc columns of Table  3 are arranged as follows:

Col.(1):  source II) in Table 1;

Col.(2):  IJine 1:

ljine 2:

Col.(3):  IJine 1:

Line 2:

Col.(4):  Line 1:

Line 2:

Col.(5):  Ijine 1:

12P7n flux jlz~ in JY;

uncertainty of .f]2P;

25}Lm flux j25P in JY;

uncertainty of j25p;

60pm flux ~f3CI#  in Jy;

uncertainty of .f60P;

looprn”  flux fIOO,, in JY;

9



TABLE  3.

lRAS l’luxes of Isolated Scmrccs

_——  —
(1) (2) (3-) (4)

ID flzfl f25/1 f60~
unc unc unc

Jy Jy Jy
-.. -—. — .—. . .——.. ——.—.

1 0.51 0.47 3.06
0.14 0.07 0.18

2 0.11: 0.21: 2.08
0.01: 0.04: 0.09

3 0.35 0.44: 1.53
0.04 0.07: 0.13

6 0.21: 0.36 1.57
0.04: 0.07 0.08

10 0.30 0.43 1.88
0.04 0.07 0.16

12 1.12 1.13 5.46
0.24 0.18 0.54

27 0.28 0.40: 2.58
0.08 0.04: 0.22

3 1 0.30: 0.82 6.52
0.05: O-O(J 0.34

38 0.27 0.34 1.58
0.04 0.05 0.15

39 0.32: 0.49 2.81
0.05: 0.06 0.15

— _ .—. -.———

(5)

fll)op
unc

Jy
—. . .

13.43
1.62

4.08
0.46

5.46
0.70

4.43
0.56

9.08
1.48

23.86
4.81

10.44
1.55

18.71
3.59

5.22
0.98

10.84
1.26

.—

I,inc 2: uncertainty of fIOOB.

F’ig.6 is an IRAS color-color diagram (lcJg(flZP/f2sP)  m. log(fGO~/f]OCIp))  of these

isolated sources, which shows a clear anti- correlatio~l  between the colors. ‘l’his anti.

correlation has been found for galaxies (IIc1ou 1986), for regions surrounding very

10
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massive stars (Boulanger  et al. 1988), and for a complete sample of small areas within

the M31 disk (Xu and Helou  1994). The trend found by WS87 that regions of high

60p-n to 100pm intensity ratio correspond to relative depressions in the 12pm  to 100pr-n

intensity ratio may also be of the same nature (Hclou,  Ryter & Sc)ifer 1991).

The FIR color ratio (fBop/f]OOp)  of the sources varies in the range from w 0.2,

which is slightly higher than the color ratio of the diffuse emission (0.17, see Xu &

Helou 1994), to 0.5, with a mean of 0.30zE0.04.  The means of other two IRAS colors

are < f]zp/fBC)p >== 0.14 * 0.02 and < fzsp/fBOp  >== 0.19 * 0.02.

The mean < f60p/flCICI~  >== 0.30* 0.04 corresponds to a color temperature of 26*1

K (V
2 emissivity law). Cox & Mezger (1988) and Rice et al. (1 990) also found that for

sources in the Galaxy and in M33 the average color temperature is about 30K, rather

than 40K as assumed in WS87 and in other early pa]>ers  (e.g. Ccjx et al. 1986). On

the other hand, it appears that on average M31 sources are probably cooler than the

M33 sources which have a mean fBOp/f~OOp  = 0.40 ~ 0.11 (Rice  et al. 1990), although

the difference is not significant because of the large er] or bars. This possible difference

would be consistent with the optical studies of M31 }111 re~;ions  which show: (1) the

lack of bright regions and a possible excess of faint regions compared to other nearby

spiral galaxies (Kennicutt  et al. 1989; WB92),  and (2) the giant HII regions in M31

being more diffuse than the ones in the Galaxy and in M33 (Kennicutt  1984). It might

also be due to the deficiency of the Very Small Grains in M31 disk (Xu & Helou 1994).

5. Luminosity of the HII-region-associrited  FIR component and the present-

dny star formation rate

The FIR sources in M31 coincide generally with giant-HII c)r HII-complexes.  This

agrees fully with the results in the literature. Cox & Mezger  (1988) and P6rault  et al

(1989) used the longitudinal profiles of Galactic emission in IRA S bands to separate

the FIR sources and the diffuse emission in the Galaxy, and found that all the sources



. .

arc associated with bright Giant Molecular Clouds/Hl  I complexes, spiral  arm segments

and the Galactic center. Rice et al. (1990) detected 19 sources in the IRAS maps of

M33 (3’ x 5’ resolution), all coincident with HI1 regions cataloged at optical and radio

wavelengths. For the Large Magellanic Cloud, with IRAS maps of resolution of w 3’ x 3’,

Xu et al. (1992) found that the probability of coincidence between bright FIR sources

and bright HH regions is better than 90 percent. 011 the other hancl, it is very likely

that some HII regions which are faint and do not cluster around any giant HI1 regions

will not appear as bright FIR sources, namely that part of the HII-region-associated

FIR emission may not be represented by the FIR sources.

We try to estimate quantitatively how much the HH-regio]l-associated  component

contributes to the total 60pm emission of M31, through a comparison between the 60pm

sources and the HI1 regions detected in the CC]) H(z observations of WB92  for some

regions in the north-east part of M31. The idea is that such a comparison will yield

a mean of the fGO~/H~  ratio for HII regions. Multiplying this ratio with the total  Ha

flux of M31 HII regions, an estimate of the total 60/L7JL  flux cjf the 1 [l I-region-associated

component can be made. Of the sources presented i]l Table 1, wc find 12 cases which

fall in the region covered by the IIa observations. I?OJ these 12 wc show the sum of the

Ha fluxes (uncorrected for internal extinction) of 1311 regions located within the region

(defined by the major and minor axes and the P. A.) of the corresponding 60pm source.

Since the resolution of the Ha observations is much higher than that of our lRAS maps,

an FIR source usually encloses ]nany HII regions, o f which wc list only the brightest

few. A weighted mean (weight==  l/02) of < fGOp/f(l~~)  >=- 1.5(4 0.2) 1012 Jy/(erg  cm- 2

s--]) is found for these sources.

It should be pointed out that some of the diffuse Ha elnission  which is not

cataloged as extended structures in WB92,  and thus is not illcluded in the above

calculation, so that the Ha fluxes may be underestinl  ated and the ratio overestimated.

According to Walterbos  and 13raun (1994), the diffuse emission contributes 40% of the

total 110 emission of M31, some of which is’ included in t}le 1111 region catalogue as

extended structures, and is not therefore missed by our estimate. On the other hand,
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the HCY emission associated with the 60pm sources is clearly dominated by a few very

bright discrete HII regions. We therefore conclude that the error due to the omission

of some diffuse Ha emission cannot be very significant. There are eight more ~OPm

sources in Table 1 in the north-east half of M31, whose IDs are flagged with stars. As

noted in Table 1, they are either completely or partially outside the llcY survey.

Waltcrbos  and Ilraun (1994), extrapolati]lg from their survey over the NE part of

M31, estimate that a total Ha luminosity of 1.21040 crg S–l (uncc,rrccted for internal

extinction) is radiated from the star formatioxl  regions in M31. ‘1 ‘his includes the flux

from the diffuse ionized gas (DIZ) found near the regions of star fc)rlnation  which is likely

to be photo-ionized by massive stars (Walterbos  and Braun 1994), but excludes the

nucleus and the diffuse component in the inner part of the M31 disk which appears not

associated with star formation regions (Devercux  et al. 1994). Dcvereux  et al. (1994)

find a higher IIa luminosity: excluding the nuclear emission and the diffuse emission in

the inner disk, a total Ha luminosity of 1.8+0.5  1040 erg S--l (uncorrected for internal

extinction) is observed from the ‘star formation ring’ in the M31 disk. However, this

latter luminosity includes the emission from [NH] lines. Using the spectral data of eight

Sab - Sbc galaxies in Kennicutt  (1992), we find a niean Ha/(Ho  -I [NII]) flux ratio

of 0.61 :}0.13.  l~encc the result of Devereux et al. (1 994) implies a total ‘pure’  Ila

luminosity of 1.14.31040 erg S-l radiated from M31 star formation regions, consistent

with the estimate of Walterbos and 13raun (1 994). ]n tl(e following we will usc this value

as the estimate of the total HCY flux from M31 star formation regions.

At the adopted distance of 690 kpc, the 13CY luminosity of 1.1 1040 erg s--l

corresponds to a flux of 1.9 10–10 erg cm-” 2 s--l. Multiplying this IICY flux with the

mean < ~oOp/~(JICY)  > ratio founcl for the 60p,m sources, we estimate that a 60prn flux

of 289 Jy, with a relative uncertainty of m 40% (including both the error of the Ha

luminosity and that of the < foOP/f(HO)  > ratio), is due to dust associated with HII

regions. This is 49+19  percent of the total 60pm flux of M31, and twice the sum of

fGoPm of all sources listed in Table 1 and Table 2. Using this result and assuming that

the mean IRA S colors of the isolated sources found in Section 4 represent those of the
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HII-region-associated component in general, we estimate the fluxes  of the HII-region-

associated dust in the other three IRAS bands which, together with f60p, are presented

in Table 4.

TA131,E  4.

IR F]uxes  and IJuminosities

of HII-region-associated  Component and of Diffuse Ccnnponent

— —

f12p f25p f60p floop W’ L I R

b

Jy Jy Jy Jy 1 0–8 erg err’ 2 s–l 1 09 Lo
————— .— ___ —-.. —

HII 37+15 52t21 289*115  974:k390 2.17+0.87 0.72&0.29

diffuse= 131*51  79*42 306Y118 20993:502 3.64+0.96 l,70t0.48

totald 168A49 131+36  595&28  3 0 7 3 3 3 1 6 5.81+0.40 2.42+0.56
—. . .. —. ———. — ——. . . —. ——-— ——
“ Integrated FIR flux between 40 —- 120pm.

b Integrated IR luminosity between 8 — 1000l~m.

c Including the nucleus.

d IRAS  fluxes are different from Xu & He]ou (1994). See the erratum (Xu & Helou

1995).

From the IRAS fluxes

al. (1988), we find that the

listed in Table 4, and applying the formula of Helou et

HII-region-associated  colnponent  contributes 2.17(+0.87)

10-8 erg cm-2 S-l of the integrated flux in the wavelength range  40–120pm, namely

37Y15%  of the total flux in this wavelength range radiated fro]n M31 (Table 4). In

order to estimate its contribution to the total dust emission (8 - 1000 pm) we need

to extrapolate both the HII-region-associated  component and the diffuse component to

longer wavelengths beyond 120pnl. Assuming that the very small grains are only half as

abundant in M31 cirrus as they are in Galactic cirrus (Xu &. Helou 1994) and applying

a model based on that of Dt5sert  et al. (1990) with the ISIU4’  intensity equal to that
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in the Solar Neighborhood (Fig.7),  we find that the total dust eniission for the diffuse

component is 1.13( ~0.32) 10–7 erg cm ‘2 s–l, 3,1 times that of its integrated flux in the

wavelength range 40–120pm, The average spectrum of M31 sources is extencled  to the

same wavelength range (Fig.7)  by using another model based on that of I16sert  et al. for

IR emission near an 05 star with the dilution factor X05 = 0.003 (i.e. dust heated at

18 pc away from the star), and with the assumption that both the very small grains and

the PAHs are only half as abundant in dust associated with M31 HI1 regions as they

are in Galactic cirrus (PAHs may be destroyed in HII regions, Hcmlanger  et al. 1988).

We then find that the total dust emission of the HI1-region-associated component is

4.8(+1  .9) 10–8erg/cm 2/see, 2.2 times that of its integrated flux in the wavelength range

40–120prn. ln terms of luminosity in the wavelength range of 8--1 OOOpm,  we conclude

that M31 radiates 2.42(+0.56) 109L0 , of which 7.2(:+2.9)  108LC1 (i.e. 30 + 14%) is

due to the H] I-region-associated component (g’able 4).

It is interesting to note that the total IR emissio]l  of M31 found here is very close

to the result of WS87 who found a total IR emission of 2.6 10g.l,o . WS87 used a

simpler two-component model with the warm component being a modified black body

(assuming a v 2 dust cmissivity law) specified by a single tempera,turc  of 40K, and the

cool component a fixed spectrum with the 160 P/1100P ::0.16 (Td z ~ 21 K). On the other

hand, the total IR luminosity of the HII-region-associated  cc]mpcment  is a factor 3.6

times the luminosity of the warm component of WS87,  which is 2 108L@ . The low

luminosity of the warm component of WS87 is likely to be a consequence of the high

color temperature (40K corresponding to ~13cIp/~]cIOp  N 1) adcq~tcd.  for the warm dust.

From the total luminosity of the HII-region-associated  component, we can estimate

the present-day star formation rate of M31 using the formula given in Walterbos  (1988):

R1~ = 1 x 10-3 LI~(HII)/tI~,  where RI~ is the star formation rate in A40 /yr, LI~(HII)

the total luminosity of the HII-region-associated  component, and tl}L the time scale over

which massive stars contribute to the heating of HII-region-associ  ated dust. Assuming

tlR = 2 x 106 yr (Thronson  & Telesco 1986), wc find a present-clay star formation rate

of ~~lR  = 0.36(:1.().14)  M@ /yr, well  in the range of 0.2- 0.5 kfo /yr found by Walterbos
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(1988) using several star formation indicators. This is about an order of magnitude lower

than the present-day star formation rate of the Milky Way Galaxy (Mezger 1988).

Our results show that, despite such a low present-day star formation rate, a

substantial part (N30—40Yo)  of the FIR. emission of M31 is due to the young high

mass ionizing stars also responsible for the HI] regions. For the Milky Way Galaxy, the

contribution from the HII-region-associated  component to the tota~ FIR emission is only

20-30% (Cox & Mezger 1988; Pt%ault et al. 1989; Bloemen et al. 1990). The relatively

high contribution from the HII-region-associated  colnponent  to the FIR emission of

M31 is probably due to a depression of the diffuse FIR emission of interstellar dust not

associated with HI1 regions, which in turn is caused by 1 ) a ddicicnc.y of the non-ionizing

UV radiation which is responsible for most of the heating of diffuse dust in an average

spiral galaxy (Xu 1990), given that the 2000~-to-blue  flux ratio of M31 is one of the

lowest in a large sample of nearby galaxies (Bust & Xu 1995); 2) a deficiency of diffuse

dust in M31, corresponding to a face-on V-band optical depth of w w 0.3 (Paper 11)

which is more than a factor of 2 lower than the average face-on optical depth of Sb/Sc

galaxies (Xu & Bust 1995). On the other hand, our results, showing that about 60% of

the FIR (40 — 120pm)  emission of M31 is due to diffuse dust not associated with HII

regions, do not support the suggestion of Devereux et al. (1994) that the FIR emission

of M31 is predominantly due to heating by ionizing stars.

Summary

The high resolution (HiRes) lRAS maps of the Andromeda Galaxy (M31 ) are

used to investigate the morphology of the infrared (IIL) emission and the properties of

discrete far-infrared (FIR) sources in its disk. Very thin and bright 14’IR arm segments

are shown in these maps, which have similar structure as the H 1 gas but with much

enhanced arm/inter-arm contrast, typically a factor of N 5 on the 60pm image. We

identify 39 unconfused sources (excluding the nucleus) and 14 cold’used  sources (7 pairs)
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at 60 pm by direct Gaussian fitting to the image, with careful treatment of the source-

confusion problem. The IRAS colors of 10 bright isolated 60prn sources are studied,

as a presumably representative sample of the discrete source population, They follow

the well known anticorrelation between fGOP/f]OOp and f12P/f25P,  with mean IRAS  colors

< f12p/f60p >= 0.14+0.02,  < f2sp/f60p >= 0.19*0.02, and < f60p/f100p  >= 0.30*0.04.

All sources except the nucleus coincide with optical HI I regions. A. comparison with HCY

observations shows that the total luminosity (in the wavelength range 8 — 1000prn)

associated with HI1 regions is 7.23:2.9 108.L0  , namely 30t 1470 of the total IR emission

of M31. This is a factor of 3.6 greater than the IR luminosity of the warm component of

Walterbos  and Schwering (1 987). However, our result cloes  not agree with the suggestion

of Devereux et al, (1994) that the FIR emissicm  of M31 is predcnninantly energized by

high mass stars. About half of the IR luminosity of the HII-region-associated  component

emerges from discrete FIR sources. The luminosity translates into a present-day star

formation rate of 0.363.0.14 A40 /yr, about an order of magnitude lower than that of

the Milky Way Galaxy.
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FIGURE CAPTIONS

Figure 1. Gray-scale map (overlaid with contours) of M31 at 12prrL. The beam size is

1’.7 (the same in the following maps). The contour levels are 0.3, 0.9, 2.7 MJy/sr.

Figure 2. Gray-scale map (overlaid with contours) of M31 at 25pm.  The contour levels

are 0.3, 0.9, 2.7 MJy/sr.

Figure 3. Gray-scale map (overlaid with contours) of M31 at 60/LrrL. The contour levels

are 0.3, 0.9, 2.7, 8.1 MJy/sr. The unconfused sources (Table 1) are represented by the

white crosses, each showing the location , size, and the orientation of a single source.

‘> The open diamon$’represent the confused sources (Table 2), each standing for a single

component in a pair in Table 2.

Figure 4. Gray-scale map (overlaid with contours) of M31 at 100)~m. The contour

levels are 1.2, 3.6, 10.8 MJy/sr.

Figure 5. Comparison between the 60prn surface brightness distribution (solid curve)

and the HI column density distribution (dotted curve) along two cuts both passing

through the center of M31. The 111 column density is plotted with arbitrary units.

Panel a: along the cut with the position angle I’.A.=50°,  in the NR half of M31 . Panel

b: along the same cut, in the SW half of M31. IJanel  c: along the cut with the position

angle I’.A.  ==24”, in the NE half of M31. Panel d: alon~ the same cut, in the SW half of

M31.

Figure 6. R(60, 100) =. lGCIP/l]CICIp  V.S. R.(12,  25) == IlzP/Iz5,,  diagram of 10 isolated

sources (see the text).

Figure 7. The Ill spectra of M31 sources and of the diffuse component. The solid line

is the spectrum calculated using a model basecl on that of DLsert  ct al. (1990) for the

20
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IRemission near an 05 star with thedilution factor X05 =0.003, and assuming both

Very Small Grains (VSGS) and PAHs are only half as abundant as they are in Galactic

cirrus, The dashed line is to extrapolate the spectrum of the diffuse component to the

whole IR wavelength range using a model based on that of IXsert  et al. (1990) for cirrus

with the intensity of the IRSF equal to that in the Solar Neighbor}lood,  and assuming

the VSGS are only half as abundant as they are in Galactic cirrus.
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